Abstract: Due to the excessive use of nonlinear loads and inverter interfaced distributed generators, harmonic issues have been regarded as a major concern in power distribution systems. Therefore, harmonic compensation in microgrids is a subject of current interest. Consequently, a novel direct harmonic voltage-controlled mode (VCM) active power filter (APF) is proposed to mitigate the harmonics in a cooperative manner and provide a better harmonic compensation performance of less than 5%. Due to the dispersive characteristics of renewable energy resources, voltage feedback based on a harmonic compensation control loop is implemented for the first time. This system can be smoothly combined with the current control loop. Our method proposes a better performance while mitigating the harmonics in comparison with conventional resistive active power filters (R-APF). Based on direct voltage detection at the point of common coupling (PCC), the proposed VCM-APF can therefore be seamlessly incorporated with multiple grid-connected generators (DGs) to enhance their harmonic compensation capabilities. The advantage of this scheme is that it avoids the need for designing and tuning the resistance, which was required in earlier conventional control schemes of R-APF for voltage unbalance compensation. Additionally, our scheme does not require the grid and load current measurements since these can be carried out at the PCC voltage, which further reduces the implementation cost of the system. Furthermore, the simulation results show the significance of proposed method.
Introduction
Recently, the increasing demand of distributed renewable energy units, a remarkable growth of power electronic converters interfaced with distributed power generation units have appeared on the market. Irregular control of these interfaced power converters may introduce resonance problems, generate voltage distortions, and ultimately pollute the system [1, 2] . Also, the exponential growth of nonlinear loads and their application will increase power quality issues in power distribution network [3] . Among the techniques for compensating the harmonic distortion issues of distribution systems, passive filters or harmonic damping resistors can be used. However, if passive filters are not properly tuned, then the realization of passive filters may cause distinct problems related to power quality, such as overheating, increased power losses, and resonance problems [4] . Therefore, extra work regarding calibrating and tuning the parameters for passive filters must be carried out to maintain the filtering capabilities. Due to the deprived performance of passive filters in the power system, many active harmonic filtering methods have been explored [5, 6] .
Moreover, many active harmonic filtering methods has been proposed to solve harmonic issues, especially shunt active power filters (SAPF) [7] [8] [9] . More focus has been given to improving the control techniques and the application to power-conditioning equipment, i.e., R-APF, STATCOM [10] [11] [12] . SAPF has been used to solve the power quality issues in a grid-connected system [13] . The control approach used for the SAPF requires local information and accomplishes VAR related issues. It also improves power quality in the microgrid. It has been given a concept of detecting harmonic load current measurements and improving the current tracking measurement algorithms for SAPF. A mean value module was used to increase the current tracking performance and to decrease the response time for harmonic detection, which improved the detection accuracy. However, the implementation of this study has a drawback and yields some errors while implementing the harmonic current measurement [14] . Therefore, new control strategies must be explored that yield reduced errors.
The parallel active power filters have been implemented in order to dampen the resonance effect due to the variations in parameters of capacitor banks such as in capacitance and inductance, which were used for the correction of power factor in the power distribution system. These are based on source current harmonic detection. The significant advantage of this scheme is that it uses only a single harmonic detector circuit for sourcing harmonic current detection and its performance is robust in cases of sudden variation of the capacitor banks. Nevertheless, this scheme is not suitable when the grid impedance varies a lot [15] . When the local harmonics compensation has not been fully realized, the control of DGs in combination with active power filters (APF) in the microgrid has been proposed to eliminate the harmonics produced as a result of whack-a-mole effect [16] .
Generally, the control strategy employed for APF comprises two main control schemes, i.e., the harmonic load current measurement and V pcc voltage measurement [17, 18] . Previously, the control strategies of SAPF for harmonic compensation have been designed and are classified based upon their control modes. Traditionally, in current controlled mode (CCM), harmonic compensation is done based on the load current measurement. This strategy is more popular for grid-connected DGs but does not seem appropriate and flexible for the islanded microgrid. However, at point of common coupling (PCC), it is considered difficult to achieve harmonic compensation using only a nonlinear load current measurement. This is because the loads are dispersed unevenly. Therefore, in another approach, namely voltage-controlled mode (VCM), V pcc voltage is adopted first, and its corresponding currents are absorbed proportionally to the instantaneous value of the PCC harmonic voltage. Harmonic compensation can be carried out only using the PCC voltage (V pcc ) [19] . Therefore, the remote load current and extra communication medium can be avoided in the latter approach.
Previously, the APF that was investigated to carry out the required harmonic compensation for DGs was the voltage-controlled R-APF. This R-APF is useful as it takes only V pcc , but sometimes it is difficult challenging to tune the value R when this R-APF is applied and integrated with multiple DGs whether in the grid-connected or islanding mode for the sake of harmonic voltage compensation [16] . The shunt R-APF is highly dependent on regulating conductivity [20] . For practical application of the power distribution system, it is challenging to track harmonic current variations. Therefore, the harmonic current always needs to be adjusted in order to counter the grid impedance variations. Consequently, in order to avoid the trouble of designing complex parameters, it is necessary to develop an improved control method for SAPF which can handle and tune the parameters dynamically based on V pcc voltage. Ultimately, it should be capable of improving the harmonic compensation performance. Hence, the authors introduced a new control method for APF based on VCM. In this method, a direct V pcc voltage can be used to calculate the required harmonic compensation gain based on the available rating of DGs in the islanded microgrid or by the grid impedance in the grid-connected mode [21] .
The concept of the microgrid has been established to address power electronics based DGs control issues, both in islanded and grid interactive microgrids through coordinated control mechanisms [22] [23] [24] . To ensure the proper load sharing and power flow among the multiple parallel DGs interfacing converters, many control strategies for DGs harmonic compensation have been implemented [25, 26] . The R-APF function feature has been used for current controlled DGs by modifying and adjusting its current reference to provide flexible power quality, but this scheme seems to be ineffective because the current controlled method finds it difficult to offer direct voltage support for the microgrid [27] . To solve this problem, a voltage-controlled method for distributed generators (DGs) was presented recently. It can be observed the control approach regulates the DG units in terms of virtual impedance, which is considered to be highly dependent and reliable on the existing feeder impedance [28] . But this method will no longer be effective and is unable to deliver sufficient damping effects to power distribution systems when the feeder impedance is taken into account as inductive. Moreover, the investigation on resonance issues developed by the interactions of inverters has been carried out for multiple parallel grid-connected DGs, and as a result of active damping, power quality has been improved [29] [30] [31] .
However, if the DGs are used voltage harmonics compensation due to the proliferation of the nonlinear load with different, unequal feeder impedances in a microgrid, voltage harmonic distortion issues may occur. Sometimes these get amplified at some of the DGs buses, leading to a phenomenon called "whack-a-mole" which ultimately degrades the power quality [16] . Therefore, this paper proposes an alternative direct harmonic voltage-controlled mode (VCM) APF to mitigate harmonics and cooperatively provide better harmonic compensation in grid-connected microgrids. The design procedure of the incorporated APF with DGs is also given briefly. MATLAB/Simulink has been used to carry out simulation. Also, the comparison of both the conventional R-APF and the proposed VCM APF with multiple parallel grid-connected DGs is made to check its applicability and suitability, as well as its corresponding harmonic compensation performances in the microgrid. A general block diagram of grid-connected DGs with different loads (linear, nonlinear and unbalanced), and the active power filter in an AC microgrid is shown in Figure 1 . Consequently, voltage harmonic compensation can be easily achieved for the grid-connected DGs in the microgrid and the values of total harmonic distortions (THDs) for both the DGs currents and output voltages as well as the PCC voltage and grid currents reached a value less than 5%. modifying and adjusting its current reference to provide flexible power quality, but this scheme seems to be ineffective because the current controlled method finds it difficult to offer direct voltage support for the microgrid [27] . To solve this problem, a voltage-controlled method for distributed generators (DGs) was presented recently. It can be observed the control approach regulates the DG units in terms of virtual impedance, which is considered to be highly dependent and reliable on the existing feeder impedance [28] . But this method will no longer be effective and is unable to deliver sufficient damping effects to power distribution systems when the feeder impedance is taken into account as inductive. Moreover, the investigation on resonance issues developed by the interactions of inverters has been carried out for multiple parallel grid-connected DGs, and as a result of active damping, power quality has been improved [29] . However, if the DGs are used voltage harmonics compensation due to the proliferation of the nonlinear load with different, unequal feeder impedances in a microgrid, voltage harmonic distortion issues may occur. Sometimes these get amplified at some of the DGs buses, leading to a phenomenon called "whack-a-mole" which ultimately degrades the power quality [16] . Therefore, this paper proposes an alternative direct harmonic voltage-controlled mode (VCM) APF to mitigate harmonics and cooperatively provide better harmonic compensation in grid-connected microgrids. The design procedure of the incorporated APF with DGs is also given briefly. MATLAB/Simulink has been used to carry out simulation. Also, the comparison of both the conventional R-APF and the proposed VCM APF with multiple parallel grid-connected DGs is made to check its applicability and suitability, as well as its corresponding harmonic compensation performances in the microgrid. A general block diagram of grid-connected DGs with different loads (linear, nonlinear and unbalanced), and the active power filter in an AC microgrid is shown in Figure 1 . Consequently, voltage harmonic compensation can be easily achieved for the grid-connected DGs in the microgrid and the values of total harmonic distortions (THDs) for both the DGs currents and output voltages as well as the PCC voltage and grid currents reached a value less than 5%. 
Control Architecture (DGs+APF)
In an AC microgrid, due to the existence of nonlinear loads and mismatched feeder impedances, the output grid current does not remain sinusoidal, which may distort the power and causes severe voltage imbalance compensation at the PCC [30] . Therefore, in this paper, we demonstrate that SAPF improves voltage quality at the PCC, as well as increasing harmonic current compensation. Before discussing the proposed harmonic compensation technique for the SAPF, which would be implemented and incorporated later on with the grid-connected control of DGs, we shall first review the conventional control of DGs and APF. Figure 2 shows the conventional voltage detection based 
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where K n = K in T s , a n = 1 + K n and b n = 2 + K n , K n denotes integral coefficient, T s is the sampling period, and n denotes the harmonic order. The adopted BPF compensates up to 13th harmonic orders in this paper. The Bode plot of the given BPF is given in Figure 5 for a quick understanding of its performance strategy.
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Primary Control of DG

Droop Control
To compute the instantaneous power (active and reactive) in αβ axis, a droop controller is employed. Their output voltage (V αβ ) and current (I αβ ) are implemented using the instantaneous theory [34] .
where p shows the instantaneous active and similarly q shows the instantaneous reactive power. The active power (P) and reactive power (Q) represents the DC components at the fundamental frequency as well as at their harmonic frequencies. The (p 0 ) and (q 0 ) are ripple components that need to be filtered by passing through a lowpass filter (LPF). Therefore, the following expression estimates the reactive power and real power once the DC components have been filtered out using LPF with 2 Hz cut-off frequency (ω LPF ). The droop controller is used to adjust and maintain voltage and frequency deviations while ensuring power flow at a DG local controller. The other purpose is to use the droop controller so that it can eliminate the need to use communication lines among the DGs.
The above expressions illustrate the active power-frequency (P-ω) and reactive power-voltage magnitude (Q-E), where ω depicts frequency and E depicts the value of amplitude voltage reference. Meanwhile, ω * and E * are rated as nominal values of frequency and amplitude. P * is denoted as the positive sequence active power, while Q * is denoted as positive sequence reactive power. k pD and k qD are the droop coefficients.
Virtual Impedance
By utilizing a virtual impedance loop, the ratio of inductance to resistance (X/R) can be adjusted with corresponding inverters output impedance in a microgrid. The virtual impedance loop is usually used to maintain the droop controller performance in the primary controller of the microgrid. The following expressions are used to calculate the virtual impedances. Furthermore, the design procedure to calculate virtual impedance, the inner voltage and control loops was proposed in Reference [35] .
Voltage and Current Controller
The reference signals of voltage control loop are adjusted according to the virtual impedance loop. Figure 3 shows the inner double loop, which consists of voltage and current controllers. Additionally, these inner double loop controllers are based on proportional resonant controllers. They offer an appropriate control signal for the pulse width modulation (PWM) module to produce an equivalent output voltage for DGs in the system. The design procedure of the proportional resonant controllers is discussed in [36] . The Equations (7) and (8) shows the transfer functions of the corresponding voltage and current controllers, respectively. (8) where k pω and k pE represent the proportional resonant gains for voltage and current controllers while ω cn is the cut-off frequency of these resonant controllers bandwidth.
Design Procedure of the Voltage Controlled APF
If the PCC voltage gets distorted due to the presence of nonlinear loads in the case of multiple grid-connected converters, then harmonic filtering can be done using the SAPF. Figure 6 describes the control layout of the proposed APF. The cooperation of APF with grid-connected DGs can be achieved at the PCC. Under distorted load conditions and severe unbalance voltage harmonic compensation, the SAPF uses the local based V pcc voltage and passes it through the BPF as shown in Figure 3 . The BPF calculates the harmonics of V pcc and extracts up to the 13th order harmonics in this paper. Later on, multiplying the harmonics of V pcc as represented by "V pcc " with the compensation gain K, the harmonic reference voltage can be achieved. After that, the capacitor voltage of the filter "V c " is subtracted from KV pcc in order to generate an error signal that could be fed into a harmonic voltage compensation controller. It is notable that filter capacitor voltage can be considered as a feedback control signal which helps in regulating the PCC voltage. Based on an array of multiple resonant controllers, the harmonic voltage compensation controller is used to compensate multiple order harmonics. Consequently, an improved harmonic compensation of voltage and grid current are achieved. (8) where kpω and kpE represent the proportional resonant gains for voltage and current controllers while ωcn is the cut-off frequency of these resonant controllers bandwidth.
If the PCC voltage gets distorted due to the presence of nonlinear loads in the case of multiple grid-connected converters, then harmonic filtering can be done using the SAPF. Figure 6 describes the control layout of the proposed APF. The cooperation of APF with grid-connected DGs can be achieved at the PCC. Under distorted load conditions and severe unbalance voltage harmonic compensation, the SAPF uses the local based Vpcc voltage and passes it through the BPF as shown in Figure 3 . The BPF calculates the harmonics of Vpcc and extracts up to the 13th order harmonics in this paper. Later on, multiplying the harmonics of Vpcc as represented by "Vpcc" with the compensation gain K, the harmonic reference voltage can be achieved. After that, the capacitor voltage of the filter "Vc" is subtracted from KVpcc in order to generate an error signal that could be fed into a harmonic voltage compensation controller. It is notable that filter capacitor voltage can be considered as a feedback control signal which helps in regulating the PCC voltage. Based on an array of multiple resonant controllers, the harmonic voltage compensation controller is used to compensate multiple order harmonics. Consequently, an improved harmonic compensation of voltage and grid current are achieved.
Furthermore, the harmonic compensation control loop for the proposed APF includes four parts, which are the DC voltage control loop, current control loop, harmonic voltage compensation control loop, and active damping control loop [21] . It is briefly studied as follows: 
DC Voltage Controller
The DC voltage loop is designed based on a PI controller to maintain a constant DC voltage. The DC capacitor voltage is subtracted from the DC voltage reference. Moreover, the resulted error is processed in the PI controller to keep the DC constant voltage level. Following expression represents the transfer function of the DC voltage loop. 5,7,11,13,... Furthermore, the harmonic compensation control loop for the proposed APF includes four parts, which are the DC voltage control loop, current control loop, harmonic voltage compensation control loop, and active damping control loop [21] . It is briefly studied as follows:
The DC voltage loop is designed based on a PI controller to maintain a constant DC voltage. The DC capacitor voltage is subtracted from the DC voltage reference. Moreover, the resulted error is processed in the PI controller to keep the DC constant voltage level. Following expression represents the transfer function of the DC voltage loop.
Fundamental Current Control Loop
The current controller has a fundamental ability to track the positive sequence and negative sequence reference currents without any steady state error. The current controller has a main function Sustainability 2019, 11, 154 9 of 15 of controlling and formulating fundamental power flow, giving unity power factor output current to the grid, thus assuring the system stability. The following expression represents the PI controller:
where K p is assumed to be as controller gain which can be tuned according to the crossover frequency.
Harmonic Voltage Control Loop
In this paper, the harmonic voltage control loop uses the resonant controllers to compensate the harmonic compensation.
where k r represents the resonant controller gain, h shows the harmonic order, and ϕ defines the phase lead angle taken at the resonant frequency.
Active Damping Compensation Control Loop
To reduce damping of the resonance effect of oscillations of the LCL filter, an active damping loop is introduced that will stabilize the system. The capacitor current feedback of the LCL filter is used to suppress the filter resonance peaks. Therefore, by properly designing the capacitor current feedback gain, the system can be made stable, i.e., free from oscillations. i c is the capacitor current, and K d is the capacitor current feedback gain.
Comparative Simulations
The proposed study was conducted using MATLAB/Simulink with the configurations as seen in Figure 3 . Moreover, the three paralleled DGs and APF are connected to the grid through the LCL filter at the PCC. The compensation of both CCM and VCM SAPF with multiple grids connected DGs have been carried out for unbalancing of the voltage compensation. Tables 1 and 2 show the specifications for the power stage and control system parameters, respectively. In order to emulate the nonlinear load, a three-phase diode rectifier followed by an inductor filter with the value of 300 µH and a resistor with the value of 50 Ω is connected to the PCC. The system parameters for both the cases of CCM and VCM are same, as shown in Figures 2 and 3 .
For the sake of comparison, Figure 7 illustrates the output currents waveforms of the associated grid-connected DGs in order to analyze the performance in steady-state for conventional control of the DGs and APF compared with the proposed control of the DGs and APF. Figure 7b depicts that in case of the proposed method, DGs current waveforms seem more sinusoidal as compared to the conventional control of the DG and R-APF. As shown in Figure 7a , DGs currents are more distorted when it takes into account the study of the conventional control of DGs and APF. The THDs of their DGs currents are 23.95%, 31.03%, and 26.62% for DG1, DG2, and the DG3, respectively, after its compensation is enabled. But later on, in Figure 7 , the DGs currents are more sinusoidal and balanced by virtue of the proposed cooperative control of the DGs and APF. The THDs of the grid-connected DGs currents have considerably decreased, and are calculated as 3.74%, for DG1, 4.78% for DG2, and 4.38% for DG3. The proposed control strategy shows its effectiveness as it brings the THDs of the DGs currents to less than 5%, which also satisfies the IEEE 1547 standards [37] . Table 1 . System Parameters.
System Parameters Value
Grid Table 2 . Control Parameters. Figure 8 depicts the comparative analysis of the steady-state performances of the conventional grid-connected DGs with R-APF over the grid-connected DGs with our proposed APF in which the waveforms of the grid voltage, load current, grid current, and APF are shown. It is obvious from Figure 8 that PCC voltage, load current, and grid currents are more distorted and are not appropriately compensated due to limited compensation performance of R-APF with grid-connected DGs. Whereas, in the later approach as shown in Figure 8 , which is our proposed control of the DG and APF, the PCC voltage, load current, and grid current have been compensated remarkably. As a result, the THD values of the grid voltage and grid currents have been improved significantly, which are 2.28% and 1.62%, respectively. Similarly, in Figure 10 (b), the dynamic response of DGs current is illustrated. When the APF was in operation, the DGs currents were balanced and sinusoidal, but as soon as the APF is suddenly deactivated, the DGs currents will no longer be sinusoidal and will become highly distorted. Thus, the proposed control architecture is more efficient in operation both in the steady-state as well in the dynamic state. However, the comparison of THD values for harmonic analysis of PCC voltage of the conventional and the proposed method is given in Figure 11 (a) whereas for the grid current is depicted in Figure 11 The simulation results of the proposed APF operation which is used to cooperate with grid-connected DGs under normal conditions is shown in Figure 9 . As a result of voltage harmonics compensation around 1.5 s, the APF is activated, and the PCC harmonic voltage pollution is considerably scaled down and the corresponding grid current is significantly improved from distorted non-linear to linear, balanced, and clean sinusoidal current. Consequently, the THD values of the corresponding voltage and grid current are effectively reduced. THD of the V pcc and grid currents in the conventional method were 9.97% and 11.98% while in the proposed method as demonstrated in Figure 9 , the THD values of the PCC voltage and grid currents are now improved to 2.28% and 1.07%, respectively. Figure 9b shows the dynamic waveforms in case of sudden step change in the load, which is from half to full and from full to half-load during an interval from 1.95-2.05 s. During that time, V pcc and grid current profiles remain sinusoidal.
Voltage and Current Loops Value
Similarly, in Figure 10b , the dynamic response of DGs current is illustrated. When the APF was in operation, the DGs currents were balanced and sinusoidal, but as soon as the APF is suddenly deactivated, the DGs currents will no longer be sinusoidal and will become highly distorted. Thus, the proposed control architecture is more efficient in operation both in the steady-state as well in the dynamic state. However, the comparison of THD values for harmonic analysis of PCC voltage of the conventional and the proposed method is given in Figure 11a whereas for the grid current is depicted in Figure 11b . Similarly, in Figure 10 (b), the dynamic response of DGs current is illustrated. When the APF was in operation, the DGs currents were balanced and sinusoidal, but as soon as the APF is suddenly deactivated, the DGs currents will no longer be sinusoidal and will become highly distorted. Thus, the proposed control architecture is more efficient in operation both in the steady-state as well in the dynamic state. However, the comparison of THD values for harmonic analysis of PCC voltage of the conventional and the proposed method is given in Figure 11 (a) whereas for the grid current is depicted in Figure 11 From the results shown above, it is evident that the proposed APF with the DGs offers better harmonic compensation capability. Table 3 shows the comparison of conventional and the proposed control schemes listing out its output DGs voltages and V pcc THDs. Figure 10 . The dynamic performance of the proposed study. (a) When APF is deactivated at 2.3 s; (b) when the DGs currents get distorted after deactivating the proposed APF. From the results shown above, it is evident that the proposed APF with the DGs offers better harmonic compensation capability. Table 3 shows the comparison of conventional and the proposed control schemes listing out its output DGs voltages and Vpcc THDs. 
Conclusions
In this paper, control architecture of the newly proposed VCM-SAPF has been proposed to cooperate with grid-connected DGs to compensate voltage imbalance and harmonic distortion issues. The proposed VCM-APF contains an embedded voltage harmonic compensator, which can be seamlessly integrated with the DGs. In addition, this approach has the advantage of easy implementation as it can be operated on the basis of direct voltage detection at PCC. The cooperation of the VCM-APF with the DGs is made in such a way that in case of unbalanced voltage compensation, the proposed APF will cooperate with the DGs to provide compensation. A comparison of the proposed technique with the conventional RAPF-based cooperated control strategy for DGs was provided, using simulation results in MATLAB/Simulink where it has been investigated that the quality of the grid current has been improved remarkably compared with the conventional approach. Therefore, we concluded that the proposed scheme offers better harmonic compensation performance, avoiding the need of taking a remote load current measurement, as well as avoiding the calculation of the parameter values of virtual impedance, which is sometimes considered not as easy task owing to the dispersed nature of the DG. Moreover, the steady state and dynamic operation of VCM-APF in grid-connected DGs have demonstrated excellent performance.
